Wind power will play a major role in future power generation systems. In order to promote more and more wind farm connections, the capital cost (CAPEX) should be minimised. In this paper a novel concept is presented based on two practical considerations, namely, the actual current through different sections of a radially connected wind turbine string reduces from the substation end to the farthest wind turbine; and the current carrying capacity of a conductor and wind turbine current increases with the wind speed. Two tools that support the design of the collector network and ensure safe operation tool aids the designing of the collector conductors based on the dynamic line rating of the conductor and the actual wind farm tool, which ensures that the conductor core temperature does not exceed the maximum allowable conductor temperature. A case study is presented to demonstrate the use of the design tool whereas a real life implementation is used to demonstrate that the safety of the conductors.
INTRODUCTION
In response to climate change, many governments have set ambitious targets to increase the use of renewable energy to reduce greenhouse gas emissions. Generating electricity from the wind is one of the more cost effective ways of using renewable energy. As at the end of 2015, the total installed global capacity of wind is about 486 GW and is continuously growing.
Wind turbines generate a relatively low voltage, usually below 1000 V. With this generator voltage it is necessary for each turbine to have an individual transformer either within or adjacent to the tower. This increases the voltage for connection to the power collection network, for example to 33 kV. A central wind farm transformer steps up the voltage to 132 kV or 220 kV for connection to the public network.
In typical substation and infrastructure design emphasis is always given to the service continuity and reliability, thus adequate redundancy and transfer capabilities are embedded in the design. As the output of a wind farm is variable and intermittent, for a wind farm, the requirements for service continuity and reliability are not as critical as economics and availability (Camm et al., 2009a) .
The IEEE Power and Energy Society (PES) wind plant collector system design working group published a number of papers covering different aspects of collector system design (Camm et al., 2009a; 2009b; Bradt et al., turbines by a cable or an overhead network. The number of wind turbine generators placed on a feeder string is limited by the static rating of the conductor, and the
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infrastructure cost of a collector network, which has to be optimised considering different available conductor types and sizes (Cerveira et al., 2016) . Due to material and installation costs, wind farm developers try to place as much generation on a feeder cable as possible. In order to minimise cable failures that result in costly downtime of the wind farm, cables should be properly sized considering the thermal characteristics of the soil in which the cable is buried (Rosen et al., 2010) .
The optimal collector system design that minimises the voltage drop and losses of the collector network also farm (Dutta & Overbye, 2012) . Dutta and Overbye (2011) The total cost and losses associated with the proposed layout is compared with a radial feeder string connection. An algorithm to optimise the collector cable network while considering the trenching constraints is presented in Dutta and Overbye (2013) . The analysis of the thermal stress in collector system feeders and how the current carrying capacity (CCC) of the cable is substantially Most of the literature discuss about selecting suitable cables, cable trenching and optimum cable network for wind farm collector system. Although the predominant installations, to date, have been underground, considering the lower cost and ease of maintenance and repairing, overhead conductors are being considered for collector networks in some regions (Wu et al., 2011) . For a given unit cost, an overhead conductor allows more power delivery compared to an underground cable, sometimes
In all studies discussed above, conductors for the entire collector network is selected based on the maximum possible current in the string of wind turbines and the static rating of the conductors. In this paper a novel concept based on two practical considerations is towards the end of the string power from a few turbines is to use tapered conductors where the cross sectional area of the conductor towards the end of the string is much smaller than that at the beginning of the string. The second consideration is based on the fact that the CCC of a conductor depends on the heat balance on the conductor and when the wind blows, more heat is taken away from a conductor quickly (Douglas et al., 1997) . Therefore when the wind speed is high, even under high currents copper (I 2 R) losses of the conductor will not increase the temperature of the conductor beyond the allowable limit. This in turn increases the CCC of the conductor. As the wind farm is proportional to the cube of the wind speed, the above phenomena was used to optimise the cross sectional area of the collector conductors on top of the tapered design.
Although the heat balance phenomena is theoretically sound, in practice due to the large span on the collector network, hot spots could be developed thus requiring sensing devices to continuously sense the conductor temperature and make sure that the core temperature does not exceed the maximum allowable temperature. In tool were also developed.
Current carrying capacity of an overhead conductor
The theoretical value of the static rating of a conductor is the CCC calculated considering the maximum allowable conductor temperature and physical properties of the conductor and the desired weather conditions (Deb, 2000 ; Power Delivery Consultants, Inc, 2013).
The maximum conductor temperature, ( 
, is considered as an important parameter when assessing the thermal behaviour of a conductor. The temperature conductor. If the maximum allowable sag is exceeded, temperature of a conductor is used as a parameter to determine the clearance to the ground and nearest objects (Power Delivery Consultants, Inc, 2013).
If a conductor is subjected to high temperature for a longer period, it may cause mechanical damage to the conductor or even recrystallisation of the material. The strength of a conductor and its tension decrease if the conductor surpasses the maximum allowable conductor temperature. Once the conductor reaches the inelastic elongation region, the sag is irreversibly increasing. Therefore, it is important to operate the lines below the maximum permissible conductor temperature (Kiessling et al., 2003) .
The maximum permissible conductor temperature is decided by the manufacturer based on the maximum sag and the maximum losses of the conductor. Based on the maximum conductor temperature and worst-case of a conductor. When determining the static rating, the lowest wind speed, highest ambient temperature, and highest solar radiation conditions are assumed based on historical weather data of the region. A wind speed of 0.6 ms -1 and ambient temperature close to the annual maximum of ambient temperature along the line route are usually used to calculate the static rating of conductors (IEEE Std 738™, 2012). The current practice is to design the collector network of a wind farm using the static rating (Bradt et al., 2010) .
METHODOLOGY
A tool was developed to obtain the optimum design of the collector network based on dynamic line rating. This tool calculates the dynamic line rating based on the wind conditions and compare it with the actual wind farm output. When the dynamic line rating is used to design conductors for the collector network, conductors operate closer to their thermal limit. Therefore, in order to make sure that the lines are operating safely, it is necessary to check whether the maximum temperature in the conductor in real time is less than the maximum allowable conductor temperature. This condition was checked in real time by obtaining the core temperature of the conductor from the measured surface temperature.
Design tool to determine the conductor size based on the dynamic line rating
An algorithm was developed to calculate the dynamic line rating of a conductor using the real time measurements of wind speed obtained from the wind farm. The actual wind farm output and the dynamic line rating of the collector conductors were used to select the best suited conductor for the wind farm collector network. In between cut-in wind speed to the rated wind speed, the wind farm output is proportional to the cube of the wind speed thus less wind speeds the heat dissipation due to convection is less thus showing lower dynamic line rating. On the other hand, from the rated wind speed to cut-out wind speed, the wind farm power output is constant but more heat is dissipated. Therefore, the required conductor sizes from the cut-in to the rated wind speeds were obtained and the maximum value plus a safety margin is used to determine the required conductor size. The conductor is in steady state heat balance when the heat absorption and heat dissipation is equal. The amount of heat absorbed depends on Joule heating and solar heating whereas heat dissipation depends on convective and radiative cooling (IEEE Std 738™, 2012). Joule heating is the heat input due to the current temperature. The heat output due to convection changes with the wind speed, ambient temperature and conductor temperature. The radiation heat output is a function of ambient temperature and conductor temperature (Deb, 2000; IEEE Std 738™, 2012 
273 273 The thermal safety of the conductor depends on the highest possible temperature within the conductor, i.e. the core temperature. Therefore, it is essential to estimate the temperature of the innermost strand (core temperature) from the surface temperature measurements. For solid and stranded circular cylindrical conductors, the radial temperature distribution is considered to obtain the temperature difference in layers (Morgan, 1990) . Depending on the number of contacts per unit length and the area of each contact, the core temperature and surface temperature difference was analysed (Morgan, 1990 ). Considering the cross section of an overhead conductor as given in Figure 2 , a method of calculating the core temperature (T c1 ) was obtained. The heat transfer area is considered as the contact area of two cylinders with parallel axes as given in equation (7) S is the thickness of layer 2 to surface is the ratio of area of the layer 3 in contact with atmosphere with total area Equation (9) gives the calculation of the core temperature using the heat balance equation for the conductor by combining equations (6) and (8) . According to the number of layers of strands, this equation needs to be expanded. 
Wind farm collector conductor design
The collector system used for this study is given in Figure 3 . It consists of eight wind turbines. It was Conventional conductor design is based on equation (10) . As per the IEEE Std 738™ (2012) and current industry practices, it was assumed that the worst-case weather conditions are wind speed of 0.6 ms -1 , conductor
Further, the rated power output of the wind farm is used for this design. The proposed conductor design is based on equation (11) with the actual wind speed at the tower height (wind speed measurements from the turbine was reduced using the 1/7 th based on the wind farm output but on the rated power output of each wind turbine. The multiplier n is 1 when considering the line section AB, 7 when considering the line section GH, and 8 when considering the line section from H to grid. It has a cut-in wind speed of 3.5 ms -1 and a rated wind speed of 15 ms -1 . The step up transformer used to connect the wind farm to the collector network is a 1/33 kV three phase transformer. The designing of the conductor size of the MV overhead lines from wind turbines to main substation at each line section was considered.
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Journal of the National Science Foundation of Sri Lanka 46 (1) discharges. The corona can damage system components over time. Therefore the shape of the mounting device was designed such that it complies with the safety and operational standards of utility equipment on overhead conductor. The weight of the enclosure was also considered during the design to make sure that it will device is mounted. Figure 5 shows the sensing device developed. The block diagram of the system shown in Figure 4 was tool takes the measured T c as an input and the core temperature of the conductor was calculated in near real time.
Sensing device
To measure the conductor temperature, a cost effective sensing device was designed and implemented. LM 35DZ analog temperature sensor, which is a precision integrated-circuit temperature sensor that is widely available, low in cost, and small in size, was selected as a suitable temperature sensor. The sensor does not require any external calibration or trimming to provide
The heat is carried into the sensor by the leads of the LM35DZ sensor, which gives a voltage proportional to the temperature. To minimise the heat loss to the environment from the leads of LM35DZ sensor, they were covered by sleeves. To obtain a more accurate reading of the surface temperature of the overhead conductor, two sensors were used in a device and the average reading was taken as the measurement.
Since 33 kV lines produce high electric and magnetic circuits, which are to be mounted. Therefore, the circuit components were mounted inside an aluminum cage, which acts as a Faraday cage. The localised electric to ionise the air close to the conductors. This can result in a partial discharge of electrical energy called corona 
Processing unit
The processing unit is used to process the sensor outputs and communicate the processed data to a remote server. Arduino UNO board based on the ATmega328P microcontroller was used as the processer unit. The board has 14 digital input/output pins and 6 analog inputs to connect the sensors. The analog outputs of the sensors are connected to the analog input pins and digitised by the 10-bit analog to digital converter in the Arduino UNO.
Data communication
Once the sensor readings are processed, they were sent to a ground station for further calculations. The requirement of the communication unit is wireless transmission of data to a PC or a phone from a maximum distance of 5 km.
To obtain measurements from the devices connected on the overhead conductor to a centralised ground station, considering the distance between the ground station and the measuring point, GSM/GPRS technology was used. SIM900 quad-band GSM/GPRS shield was selected as it can be used as a shield for Arduino UNO. The GPRS shield provides a way to use the GSM cell phone network to receive data from a remote location. 
Sensor network system
All the sensors mounted on the overhead line send the measured data to the centralised database, which is hosted in a remote server. The database tables were created separately using MySQL for each device according to the number of sensors in the device. Connecting the database and the server request sent by the GPRS shield is done by PHP programme. The web interface was also developed with HTML to display the real time data in the server database received from the devices. These measurements were used to ensure that the conductor operates safely without violating the condition: 'core temperature 
RESULTS AND DISCUSSION

Wind farm collector conductor design
This section presents the results of the collector conductor design for the wind farm shown in Figure 3 . The design current used for the tapered design for each line section with a safety margin of 25 A is given in Table 1 . Figure 6 shows the cross sectional area required for each line section for different wind speeds. Figure 7 shows the cross sectional areas selected based on conventional and proposed methods. For these designs voltage at anywhere on the collector network does not violate the design limits, i.e. 0.9 pu to 1.1 pu. For load were considered.
This case study clearly demonstrated that the size of the collector cables calculated using the proposed method is much less than that is calculated based on the current practice. This in turn minimises the capital cost (CAPEX) required for cables.
Testing the real time system developed in a 33 kV collector network of a wind farm previously was carried out in a 10 MW wind farm collector network (that was designed based on the static rating). The devices were mounted at the output of the wind turbine generator transformer. At each phase of the 33 kV three phase conductors, devices were mounted as shown in Figure 8 .
The real time surface temperature was obtained using the system shown in Figure 4 . Figure 9 shows the dynamic line rating obtained from the designed tool, the static rating of the conductor, and the actual current maximum allowable core temperature.
CONCLUSION
Although the cost of the collector network in a wind farm, any reduction of Cu or Al used for conductors is welcomed both by the environmental and cost point of views. Therefore, the selection of conductors for the collector network plays an important role in wind farm design.
developed. The design tool enables designing of the optimum collector network for the wind farm based on the dynamic line rating of the conductor and tapered sensing devices was used to make sure that a network designed using the dynamic line rating operates safely such that the core temperature of the conductor does not violate the maximum allowable conductor temperature in real time.
The case study used for the design clearly demonstrated that the size of the collector conductors obtained using the dynamic line rating and tapered design is much less than that is calculated based on the current practice.
demonstrate its real purpose, the real life implementation in a 10 MW wind farm demonstrated that the system can work in near real time and compare the near real time core temperature with the maximum allowable values. The measurements obtained also clearly showed that the margin between the dynamic line rating and the actual current, and the margin between the actual temperature and the maximum allowable temperature are considerably high. This clearly suggests that the design based on the static rating leads to underutilisation of conductors.
